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Abstract. In this work, we analyze the electromagnetic structure of the pion, an elementary particle 
bJ} composed by a quark-antiquark bound state, by considering the calculation of its electromagnetic 

radius and its electromagnetic form factor in low and intermediate energy range. Such observables 
, are determined by means of a theoretical model that takes into account the constituent quark and 

antiquark of the pion, in the formalism of the light-front field theory. In particular, it is considered 
a nonsymmetrical vertex for such a model, in which we have calculated the electromagnetic form 
factor of the pion in an optimized way, by varying its regulator mass, so that we can obtain the 
best value for the pion electromagnetic radius when compared with the experimental one. The 
Q_[ theoretical calculations are also compared with the most recent experimental data involving the 

^ pion electromagnetic form factor and the results show very good agreement. 

Keywords: Pion, Electromagnetic Form Factor, Electromagnetic Radius, Light-Front Formalism 
PACS: 13.40.Hq, 14.40.Be, 25.80.Ek, 13.40.Gp 

INTRODUCTION 

<N 

In the experimental investigation of pion, many papers have reported a lot of experimen- 
tal data concerning about its electromagnetic structure, by measuring its electromag- 
netic form factor F K (q 2 ), as we can see in Refs. [1, 2, 3, 4, 5, 6, 7]. In the theory of 
; light mesons, a lot of interesting problems has been considered in the literature, as the 

calculation of the mass and the decay constant of pion in a relativistic potential model 
of independent quarks [8], the analysis of masses and electroweak properties of light 
mesons in the relativistic quark model [9] and the study of a relativistic treatment of 
pion wave functions in the annihilation pp — > % — it + [10], beside a lot of other works in 
which are considered calculations involving light mesons, as in Refs. [11, 12, 13, 14, 15]. 

One of the theoretical ways for describing so many experimental data is to adopt 
the light-front field theory formalism [16]. A model inspired on QCD was proposed 
in Ref. [17]. In the present work, we consider in special a description based on a 
nonsymmetrical vertex model, as early reported in Ref. [18]. In the latter, the light- 
front formalism is applied to calculate the electromagnetic form factor from currents 
for quark-antiquark bound states of the pion. Methods like that, based on the light-front 
formalism, have had an impressive successful in the description of the electromagnetic 
properties of the hadronic wave functions [17, 18, 19, 20, 21, 22, 23, 24, 25]. 

In the following, the model considered in the light-front formalism within the non- 
symmetrical vertex model for the pion is briefly described. At last, we discuss the nu- 
merical results obtained for pion electromagnetic form factor and electromagnetic radius 
and we discuss the main conclusions. 
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THE MODEL 



The numerical calculation of pion electromagnetic form factor in light-front field theory 
formalism within the nonsymmetrical vertex model (NSV model) can be performed in 
the co variant form as: 

(p + pYUl 2 ) =<7c(p')\J»\n(p)>, (1) 

in which q = p' — p and the matrix elements of the electromagnetic current = 
e(pV + p'^)F n (q 2 ) are given by 

/" = -iieN^ J ^rr^^^-pO/^-^^r^pOr^p), (2) 

in which S(p) = {p — m + ie)~ l is the quark propagator and N c = 3 is the number of 
colors. Such an equation is obtained in the Breit frame, by considering initial momenta 
= (p , -4/2,0,0), final momenta p'» = (p ,q /2,0,0) and q» = (0,^,0,0). As de- 
scribed in previous works [11, 18], the electromagnetic form factor of the pion has only 
the valence contribution for the plus component of the electromagnetic current. In the 
case of NSV model, the function T{k,p) is the regulator vertex function known as non- 
symmetrical vertex, that can be written as [11, 18]: 

r NSY (k, P )= ( N (3) 

(p — k) L — m L R + i£ 

The pion electromagnetic form factor F^ NSY \q 2 ) in NSV model, by using the plus 
component of the electromagnetic current, can be expressed with the light-front wave 
function, as shown in Refs. [11, 18], according with: 

F r> = 4fi»< f ^^M^M^kWWQ -x), (4) 

P Jk J t'K/'il) x 

in which ^V(x,p+) = -4^(xp + - p+) 2 + 4fi(xp+ -2p + ) + xp+q 2 , f\ =k\+m 2 

and x = k + / p + is the fraction of the carried momentum by the quark. The light-front 
wave function for the pion with the nonsymmetric vertex can be written as: 

* (W)(X '* ±) = (l-x) 2 (m 2 Zz 2 ){m 2 -JZ 2 y (5) 

in which J% = ^ 2 (m 2 ,m 2 ) = ^~ + {p ~jf^ R ~p\ and J£ 2 = ^ 2 (m 2 ,m 2 ) is the 
free mass operator. The normalization constant TV obeys the condition F K (0) = 1 . 



NUMERICAL RESULTS 



In the numerical calculations, we initially considered the parameters m u — mj = 0.220 
GeV, m,R = 0.946 GeV and m n = 0.140 GeV For the input data cited, we obtained for 



the pion electromagnetic radius the magnitude (r K +) = 0.689/m, pointing out an error 
about 2% in relation to the experimental one, that is, {r e *+) = (0.672 ±0.008)/m [26]. In 
order to improve the description of the experimental data for the electromagnetic radius, 
we explored the variation of the regulator mass hir of NSV model and we studied its 
influence on pion electromagnetic form factor for low and intermediate energy range. 




FIGURE 1. Plot of the electromagnetic form factor versus 

Q 2 = -q 2 ([GeV/c} 2 ), calculated in NSV 
model. The different curves correspond to the electromagnetic form factor for some value of regulator 
mass, that is, m#=0. 5, 0.8, 0.946, 1.0 or 1.3 GeV, by keeping constant the light constituent quark masses: 
m u =mj = 0.220 (GeV). The numerical results are compared with the experimental data, as described in 
Refs. [1, 6] (full triangle up), Ref. [4] (full square), Ref. [5] (full circle), and Ref. [7] (full diamond). 

We show in the figure 1 the numerical results obtained from NSV model in the 
calculation of the pion electromagnetic form factor, in the scale up to 10 [GeV/c] 2 . 
By analyzing the curves in the figure 1, we conclude that mr = 1.0 GeV represents the 
best value for describing with more precision the experimental data, obtained from the 
references [1, 4, 5, 6, 7]. Values of the regulator mass smaller than mr = 0.8 GeV and 
above niR = 1.3 GeV do not show good agreement with the measured experimental data 
for a wide range of energy. In order to confirm the best value of m R , one can calculate 
the electromagnetic radius. In fact, we have calculated it for all of the values considered 
and, for m R = 1.0 GeV, the result obtained, (r n +) = 0.673 fm, represented the best one 
in relation to the experimental value, with an error less than 0.2%. In order to check our 
model, we also calculated the pion decay constant for mr = 1.0 GeV, obtaining f n = 
93.1 MeV, very close to the experimental value f% xp = 92.2 MeV 



CONCLUSIONS 



We conclude that the best value of the regulator mass for the nonsymmetrical vertex 
model in the light-front formalism is iur = 1.0 GeV. With that value, it is possible 



to describe with the best precision the experimental data for the electromagnetic form 
factor of pion and to obtain the smallest error for the electromagnetic radius in relation 
to the experimental one. We also studied the dependence of the model on the regulator 
mass. The numerical results show that the model significantly breaks down for ihr < 0.8 
GeV and also fails for higher values, above 1.3 GeV, for a wide range of energy. 

ACKNOWLEDGMENTS 

We thank brazilian agencies CAPES (Coordenadoria de Aperfeicomento de Pessoal 
de Nfvel Superior), CNPq (Conselho Nacional de Desenvolvimento Cientffico e Tec- 
nologico) and FAPESP (Fundacao de Amparo a Pesquisa do Estado de Sao Paulo), for 
financial support. 

REFERENCES 

1. J. Volmer et al, Phy. Rev. Lett. 86 1713 (2001). 

2. R. Baldini et al, Eur. Phys. J. C 1 1 709 (1999). 

3. R. Baldini et al, Nucl. Phys. A 666-667 3 (2000). 

4. G. M. Huber et al, Phys. Rev. C 78, 045203 (2008). 

5. V. Tadevosyan et al, Phys Rev. C 75, 055205 (2007). 

6. Brauel et al, Phys. Lett. D 69, 253 (1977). 

7. T. Horn et al, Phys. Rev. Lett. 97, 192001 (2006). 

8. S. N. Jena, M. R. Behera and S. Panda, Pramana J. Phys. 51, 71 1 (1998). 

9. D. Ebert, R. N. Faustov, and V. O. Galkin, Eur. Phys. J. C 47, 745 (2006). 

10. B. El-Bennich and W. M. Kloet, Phys. Rev. C 70, 034001 (2004). 

11. O. A. T. Dias, Victo S. Filho and J. P. B. C. de Melo, Nuc. Phys. B 199, 281 (2010). 

12. P. Maris and C. D. Roberts, Phys. Rev. C 56, 3369 (1997). 

13. P. Maris, C. D. Roberts and P. C. Tandy, Phys. Lett. B 420, 267 (1998). 

14. A. F. Krutov, V. E. Troitsky and N. A. Tsirova, Phys. Rev. C 80, 055210 (2009). 

15. O. Leitner, J.-F. Mathiot and N. A. Tsirova, Eur. Phys. J. A 47, 17 (201 1). 

16. S. J. Brodsky, H. -C. Pauli, and S. S. Pinsky, Phys. Rep. 301, 299 (1998). 

17. T. Frederico and G. Miller, Phys. Rev. D 45, 4207 (1992). 

18. J. P. B. C. de Melo, H. W. L. Naus and T. Frederico, Phys. Rev. C 59, 2278 (1999). 

19. H.-M. Choi and C.-R. Ji, Phys. Rev. D 58, 071901 (1998). 

20. Z. Dziembowski and L. Mankiewicz, Phy. Rev. Lett. 58, 2175 (1987). 

21. F. Cardarelli et al, Phys. Rev. D 53, 6682 (1996). 

22. D. Melikhov and S. Simula, Phys. Rev. D 65, 094043 (2002). 

23. W. Jaus, Phys. Rev. D60, 054026 (1999). 

24. H. Y. Cheng, C. K. Chua and C. W. Hwang, Phys. Rev. D 69, 074025 (2004). 

25. T. Huang and X. G. Wu, Phys. Rev. D 70, 093013 (2004). 

26. K. Nakamura et al [Particle Data Group Collaboration], J. Phys. G, Nucl. Part. Phys. 37, 075021 
(2010). 



